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Abstract 


The Holographic Quantum Automaton (HQA) model is a novel framework for 
quantum gravity that proposes that spacetime and matter emerge from the entan- 
glement structure of a network of qubits evolving under local unitary gates. In this 
paper, we explore empirical tests of the key predictions of the HQA model, using 
a combination of astrophysical observations, laboratory experiments, and quantum 
simulations. We focus on five main areas: (1) the discreteness of spacetime at the 
Planck scale, (2) the holographic nature of gravity and the entropy-area law for 
black holes, (3) the emergent nature of quantum mechanics and the quantum-to- 
classical transition, (4) the unification of the fundamental forces and the parameters 
of the standard model, and (5) the quantum information origin of the initial condi- 
tions and the arrow of time. For each area, we review existing empirical constraints, 
propose new experimental tests, and discuss the implications for the HQA model 
and quantum gravity in general. We argue that the HQA model offers a rich phe- 
nomenology that is ripe for empirical investigation, and that the interplay between 
theory, simulation, and experiment will be crucial for making progress in the search 
for a theory of quantum gravity. 
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Conclusion 


1 Introduction 


The empirical testing of theories of quantum gravity is one of the greatest challenges in 
modern physics. Due to the extreme energy and length scales involved, it is difficult to 
directly probe the regime where both quantum mechanics and general relativity are ex- 
pected to be important. Nevertheless, in recent years, there has been significant progress 
in identifying possible observational signatures of quantum gravity, and in developing 
new experimental techniques to search for them [I] ?]. 

In this paper, we focus on the empirical testing of a specific model of quantum gravity, 
namely the Holographic Quantum Automaton (HQA) model proposed in {?]. The HQA 
model is based on the idea that spacetime and matter emerge from the entanglement 
structure of a network of qubits, which evolve under a set of local unitary gates. The 
model combines ideas from holography, quantum information, and quantum cellular au- 
tomata, and makes several testable predictions about the nature of spacetime, gravity, 
and matter at the fundamental level. 

The goal of this paper is to explore the empirical consequences of the HQA model, 
and to propose concrete experimental tests that can probe its key predictions. We focus 
on five main areas where the HQA model offers a rich phenomenology: 


1. The discreteness of spacetime at the Planck scale, and possible signatures in high- 
energy astrophysics and cosmology. 


2. The holographic nature of gravity, and the entropy-area law for black holes and 
other gravitational systems. 


3. The emergent nature of quantum mechanics, and the quantum-to-classical transi- 
tion in the early universe and in laboratory systems. 


4. The unification of the fundamental forces, and the possible deviations from the 
standard model of particle physics. 


5. The quantum information origin of the initial conditions of the universe, and the 
arrow of time in cosmology and thermodynamics. 


For each of these areas, we review the existing empirical constraints and the predic- 
tions of the HQA model, and we propose new experimental tests that can be performed 
with current or near-future technology. We discuss the challenges and opportunities of 
each test, and the implications for the HQA model and quantum gravity in general. 

Our approach is based on the idea that the empirical testing of quantum gravity 
requires a combination of theoretical, computational, and experimental techniques. On 
the theory side, we use the framework of the HQA model to derive testable predictions 
and to identify key observables that are sensitive to quantum gravity effects. On the 
computational side, we use quantum simulation methods to study the emergent properties 
of the HQA model in different regimes, and to guide the design of experimental tests. On 
the experimental side, we propose a range of techniques, from astrophysical observations 
to laboratory experiments, that can probe the predictions of the HQA model at different 
energy and length scales. 

The paper is organized as follows. In Section |2| we discuss the empirical signatures 
of the discreteness of spacetime, and propose tests based on high-energy astrophysics 
and cosmology. In Section |3} we explore the holographic nature of gravity, and propose 


tests based on black hole observations and gravitational wave astronomy. In Section[4] we 
consider the emergent nature of quantum mechanics, and propose tests based on quantum 
optics and quantum information experiments. In Section |5} we discuss the unification 
of the fundamental forces, and propose tests based on particle physics and precision 
measurements. In Section [6] we explore the quantum information origin of the initial 
conditions and the arrow of time, and propose tests based on cosmological observations 
and thermodynamic experiments. Finally, in Section |7} we summarize our results and 
discuss future directions for the empirical testing of the HQA model and quantum gravity 
in general. 


2 Discreteness of Spacetime 


One of the key predictions of the HQA model is that spacetime is fundamentally discrete, 
and consists of a finite number of quantum degrees of freedom (qubits) that live on a 
lattice |?]. This discreteness becomes apparent at the Planck scale, where the size of the 
lattice spacing is of the order of the Planck length, lp ~ 10~-®° m. At larger scales, the 
discrete structure of spacetime is coarse-grained, and the familiar continuous geometry 
of general relativity emerges as an effective description. 

The discreteness of spacetime has several important consequences that can be tested 
empirically. First, it implies that there is a maximum density of information in space, 
given by the Bekenstein bound [2], which states that the maximum entropy of a region 
of space is proportional to its surface area in Planck units. This bound has been tested 
indirectly through the observation of black hole entropy [3], but a direct test would require 
probing the entropy of a region of space at the Planck scale. 

Second, the discreteness of spacetime implies that there is a minimum length scale 
in nature, below which the concept of distance loses its meaning. This minimum length 
scale could manifest itself as a modification of the dispersion relation of particles at 
high energies, leading to a violation of Lorentz invariance [4]. Such a violation could be 
detected through the observation of high-energy cosmic rays [?] or gamma-ray bursts [?], 
which propagate over cosmological distances and are sensitive to small deviations from 
special relativity. 

Third, the discreteness of spacetime could lead to a modification of the uncertainty 
principle at small scales, known as generalized uncertainty principle (GUP) [?]. The 
GUP predicts that the uncertainty in the position and momentum of a particle has 
a minimum value that depends on the Planck length, and that the uncertainty in one 
variable increases as the uncertainty in the other variable decreases. This prediction could 
be tested through precision measurements of the position and momentum of particles in 
the laboratory [?], or through the observation of the spectrum of primordial gravitational 
waves in the early universe [?]. 

To test these predictions, we propose the following experimental tests: 


1. Direct measurement of the entropy of a region of space at the Planck scale, using 
a quantum simulator that implements the local unitary gates of the HQA model. 
By preparing the simulator in a state that corresponds to a region of space with a 
known entropy, and then measuring the entropy of the output state, we can test 
the Bekenstein bound and the maximum density of information in space. 


2. Search for Lorentz invariance violation in high-energy cosmic rays and gamma-ray 
bursts, using detectors such as the Pierre Auger Observatory [?] and the Fermi 
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Gamma-ray Space Telescope |?]._ By measuring the arrival times and energies of 
the particles, and comparing them with the predictions of special relativity, we 
can constrain the size of the minimum length scale and the modification of the 
dispersion relation. 


3. Precision measurement of the position and momentum of particles in the labora- 
tory, using techniques such as atom interferometry [?] and optomechanics [?]. By 
preparing particles in states with well-defined position or momentum, and then 
measuring the uncertainty in the conjugate variable, we can test the generalized 
uncertainty principle and the minimum value of the uncertainty. 


4. Observation of the spectrum of primordial gravitational waves in the early universe, 
using detectors such as LIGO [?] and LISA [?]. By measuring the amplitude and 
frequency of the gravitational waves, and comparing them with the predictions of 
inflation and the GUP, we can constrain the size of the minimum length scale and 
the modification of the uncertainty principle at cosmological scales. 


These tests offer a range of opportunities to probe the discreteness of spacetime at 
different energy and length scales, and to constrain the parameters of the HQA model. 
They also highlight the complementarity between astrophysical observations, laboratory 
experiments, and quantum simulations in the empirical testing of quantum gravity. 


3 Holographic Nature of Gravity 


Another key prediction of the HQA model is that gravity is holographic, in the sense 
that the degrees of freedom that describe the geometry of spacetime live on a lower- 
dimensional boundary, rather than in the bulk [?]. This holographic principle is a general 
feature of quantum gravity, and has been realized in several approaches, such as the 
AdS/CFT correspondence [5] and the ER=EPR conjecture [6]. 

In the HQA model, the holographic principle arises from the fact that the entan- 
glement structure of the qubits on the lattice determines the geometry of spacetime. 
Specifically, the distance between two points in space is related to the mutual informa- 
tion between the corresponding regions of the lattice, which measures the amount of 
entanglement between them. This leads to a novel realization of the holographic prin- 
ciple, in which the geometry of space is encoded in the entanglement structure of the 
boundary qubits. 

The holographic nature of gravity has several important consequences that can be 
tested empirically. First, it implies that the maximum entropy of a black hole is propor- 
tional to its surface area, rather than its volume, as suggested by the Bekenstein-Hawking 
formula [7 [3]. This formula has been confirmed to a high degree of accuracy through the 
observation of black hole mergers by LIGO and Virgo [?], but a direct test would require 
measuring the entropy of a black hole and comparing it with its area. 

Second, the holographic principle suggests that the dynamics of gravity can be de- 
scribed by a lower-dimensional theory that lives on the boundary of spacetime. In the 
HQA model, this boundary theory is a quantum cellular automaton that describes the 
evolution of the entanglement structure of the qubits. This leads to a novel prediction, 
namely that the gravitational dynamics can be simulated on a quantum computer by 
implementing the local unitary gates of the quantum cellular automaton [?]. 


Third, the holographic principle implies that the structure of spacetime is emergent, 
and arises from the entanglement structure of the underlying quantum degrees of freedom. 
In the HQA model, this emergence is realized through a process of coarse-graining, in 
which the discrete lattice of qubits is averaged over to obtain a continuous geometry. This 
leads to a prediction for the behavior of gravity at different scales, namely that it should 
exhibit a transition from a discrete, quantum regime at the Planck scale to a continuous, 
classical regime at larger scales. 

To test these predictions, we propose the following experimental tests: 


1. Direct measurement of the entropy of a black hole, using a quantum simulator that 
implements the local unitary gates of the HQA model. By preparing the simulator 
in a state that corresponds to a black hole with a known mass and charge, and then 
measuring the entropy of the output state, we can test the Bekenstein-Hawking 
formula and the proportionality between entropy and area. 


2. Quantum simulation of the gravitational dynamics, using a quantum computer that 
implements the local unitary gates of the quantum cellular automaton. By prepar- 
ing the computer in a state that corresponds to a particular spacetime geometry, 
and then evolving it forward in time, we can study the emergent properties of 
gravity and compare them with the predictions of general relativity. 


3. Observation of the transition from quantum to classical gravity, using gravitational 
wave detectors such as LIGO and LISA. By measuring the spectrum of gravitational 
waves at different frequencies, and comparing it with the predictions of the HQA 
model and general relativity, we can constrain the scale at which the transition 
occurs and the nature of the quantum corrections to gravity. 


4. Test of the holographic principle in the laboratory, using techniques such as quan- 
tum error correction [8] and tensor networks [9]. By encoding quantum informa- 
tion in a holographic code, and then measuring the entanglement structure of the 
boundary degrees of freedom, we can test the basic assumptions of the holographic 


principle and the HQA model. 


These tests offer a range of opportunities to probe the holographic nature of grav- 
ity and the emergent structure of spacetime, using both astrophysical observations and 
laboratory experiments. They also highlight the potential of quantum simulation and 
quantum computing as new tools for the empirical testing of quantum gravity. 


4 Emergent Quantum Mechanics 


A third key prediction of the HQA model is that quantum mechanics is an emergent 
phenomenon, and arises from the collective behavior of the underlying quantum degrees 
of freedom [?]. In the HQA model, the quantum state of a system is encoded in the 
entanglement structure of the qubits on the lattice, and the unitary evolution of the state 
is generated by the local unitary gates of the quantum cellular automaton. 

This emergent view of quantum mechanics has several important consequences that 
can be tested empirically. First, it suggests that the wave function of a quantum system 
is not a fundamental object, but rather an emergent description of the entanglement 
structure of the underlying degrees of freedom. This leads to a novel interpretation of the 


measurement process, in which the collapse of the wave function is a consequence of the 
interaction between the system and the environment, rather than a fundamental feature 
of quantum mechanics {10}. 

Second, the emergent view of quantum mechanics suggests that the quantum-to- 
classical transition is a dynamical process, and arises from the decoherence of the en- 
tanglement structure due to the interaction with the environment. In the HQA model, 
this decoherence can be modeled as a process of entanglement swapping, in which the 
entanglement between the system and the environment is transferred to the environment 
itself, leading to a classical description of the system [?]. 

Third, the emergent view of quantum mechanics implies that there may be deviations 
from the standard quantum formalism at the fundamental level, such as modifications 
of the Born rule or the linearity of the Schrodinger equation. These deviations could 
manifest themselves as small corrections to the predictions of quantum mechanics, which 
could be detected through precision measurements in the laboratory [?]. 

To test these predictions, we propose the following experimental tests: 


1. Test of the emergent nature of the wave function, using a quantum simulator that 
implements the local unitary gates of the HQA model. By preparing the simulator 
in a state that corresponds to a quantum system with a known wave function, and 
then measuring the entanglement structure of the output state, we can test the 
relationship between the wave function and the underlying entanglement structure, 
and compare it with the predictions of the HQA model. 


2. Study of the quantum-to-classical transition, using a quantum simulator that im- 
plements the decoherence process of the HQA model. By preparing the simulator 
in a state that corresponds to a quantum system coupled to an environment, and 
then measuring the entanglement structure of the output state as a function of 
time, we can study the dynamics of the decoherence process and compare it with 
the predictions of the HQA model and standard quantum mechanics. 


3. Precision measurement of quantum mechanical observables, using techniques such 
as atom interferometry [?] and superconducting qubits [?]. By preparing quan- 
tum systems in well-defined states, and then measuring observables such as the 
probability distribution of outcomes or the expectation values of operators, we can 
search for small deviations from the predictions of standard quantum mechanics 
and constrain the parameters of the HQA model. 


4. Test of the linearity of quantum mechanics, using techniques such as quantum 
process tomography [?] and quantum error correction [?]. By preparing quantum 
systems in superposition states, and then measuring the output states after applying 
different operations, we can test the linearity of the quantum formalism and search 
for non-linear corrections that could arise from the emergent nature of quantum 
mechanics in the HQA model. 


These tests offer a range of opportunities to probe the emergent nature of quantum 
mechanics and the quantum-to-classical transition, using both quantum simulation and 
precision measurements in the laboratory. They also highlight the potential of quantum 
technologies, such as quantum computers and quantum sensors, as new tools for the 
empirical testing of quantum gravity and the foundations of quantum mechanics. 


5 Unification of Fundamental Forces 


A fourth key prediction of the HQA model is that the fundamental forces of nature, 
such as gravity, electromagnetism, and the strong and weak nuclear forces, are unified at 
the fundamental level [?]. In the HQA model, the different forces arise as excitations of 
the entanglement structure of the qubits on the lattice, and are described by local and 
topological defects in the quantum cellular automaton. 

This unified view of the fundamental forces has several important consequences that 
can be tested empirically. First, it suggests that the standard model of particle physics, 
which describes the electromagnetic, weak, and strong interactions, is an emergent de- 
scription that arises from the collective behavior of the underlying quantum degrees of 
freedom. In the HQA model, the particles and fields of the standard model arise as local 
excitations of the entanglement structure, and their properties, such as masses and cou- 
pling constants, are determined by the parameters of the quantum cellular automaton 
[?]. 

Second, the unified view of the fundamental forces suggests that there may be new 

particles and interactions beyond the standard model, which arise from the topological 
properties of the quantum cellular automaton. These new particles could include dark 
matter candidates, such as axions or sterile neutrinos, as well as new gauge bosons that 
mediate long-range interactions. The HQA model provides a framework for construct- 
ing and studying these new particles, and for predicting their observable signatures in 
experiments [?]. 

Third, the unified view of the fundamental forces implies that the coupling constants of 
the different interactions, such as the fine-structure constant of electromagnetism and the 
strong coupling constant of quantum chromodynamics, are not fundamental parameters, 
but rather emergent quantities that depend on the energy scale and the renormalization 
group flow. In the HQA model, the renormalization group flow is determined by the 
coarse-graining of the entanglement structure, and leads to a prediction for the unification 
of the coupling constants at high energies [?]. 

To test these predictions, we propose the following experimental tests: 


1. Search for new particles beyond the standard model, using particle colliders such as 
the Large Hadron Collider (LHC) [?] and the Future Circular Collider (FCC) [?]. 
By colliding particles at high energies, and measuring the properties of the resulting 
debris, we can search for new particles that are predicted by the HQA model, such 
as dark matter candidates or new gauge bosons, and constrain their masses and 
coupling constants. 


2. Precision measurement of the coupling constants of the fundamental interactions, 
using techniques such as laser spectroscopy [?] and atomic clocks [?]. By measuring 
the fine-structure constant and other coupling constants with high precision, and 
comparing them with the predictions of the standard model and the HQA model, 
we can test the unification of the fundamental forces and the renormalization group 
flow of the coupling constants. 


3. Study of the phase diagram of quantum chromodynamics, using heavy-ion collid- 
ers such as the Relativistic Heavy Ion Collider (RHIC) [?] and the Large Hadron 
Collider (LHC) [?]. By colliding heavy ions at high energies, and measuring the 


properties of the resulting quark-gluon plasma, we can study the emergent proper- 
ties of the strong interaction and compare them with the predictions of the HQA 
model and lattice quantum chromodynamics. 


4. Quantum simulation of the standard model, using a quantum computer that im- 
plements the local unitary gates of the HQA model. By preparing the quantum 
computer in a state that corresponds to a particular configuration of particles and 
fields, and then evolving it forward in time, we can study the emergent properties 
of the standard model and compare them with the predictions of the HQA model 
and high-energy experiments. 


These tests offer a range of opportunities to probe the unification of the fundamental 
forces and the emergent nature of the standard model, using both high-energy experi- 
ments and precision measurements. They also highlight the complementarity between 
particle physics, atomic physics, and quantum simulation in the empirical testing of 
quantum gravity and the foundations of physics. 


6 Quantum Information Origin of Initial Conditions 


A fifth key prediction of the HQA model is that the initial conditions of the universe, 
such as the state of the quantum fields at the beginning of the Big Bang, have a quantum 
information origin {?]. In the HQA model, the universe arises from a quantum fluctuation 
of the entanglement structure of the fundamental qubits, which sets the initial conditions 
for the subsequent evolution of spacetime and matter. 

This quantum information view of the initial conditions has several important con- 
sequences that can be tested empirically. First, it suggests that the universe began in 
a highly entangled state, with a large amount of quantum correlations between different 
regions of space. These correlations could have observable signatures in the cosmic mi- 
crowave background (CMB) radiation, which is a snapshot of the early universe at the 
time of recombination |11]]. 

Second, the quantum information view of the initial conditions suggests that the arrow 
of time, which points from the past to the future, has a quantum origin. In the HQA 
model, the arrow of time arises from the unitary evolution of the quantum state of the 
universe, which leads to a growth of entanglement entropy and a directionality in the flow 
of quantum information [?]. This leads to a prediction for the behavior of entropy in the 
early universe, and its relation to the cosmological constant and the dark energy [?]. 

Third, the quantum information view of the initial conditions implies that there may 
be a connection between the quantum fluctuations in the early universe and the quantum 
noise in gravitational wave detectors, such as LIGO and LISA. In the HQA model, both 
phenomena arise from the entanglement structure of the fundamental qubits, and may 
have similar statistical properties, such as non-Gaussianity and entanglement [?]. 

To test these predictions, we propose the following experimental tests: 


1. Search for quantum correlations in the cosmic microwave background, using tele- 
scopes such as the Planck satellite [?] and the Simons Observatory [?]. By measuring 
the temperature and polarization fluctuations of the CMB with high precision, and 
comparing them with the predictions of the HQA model and inflationary cosmol- 
ogy, we can search for signatures of quantum entanglement and test the quantum 
information origin of the initial conditions. 


2. Study of the arrow of time in the early universe, using cosmological observations 
such as the expansion rate of the universe and the growth of structure. By measuring 
the evolution of entropy and the directionality of time in the early universe, and 
comparing them with the predictions of the HQA model and thermodynamics, we 
can test the quantum origin of the arrow of time and its relation to the cosmological 
constant and the dark energy. 


3. Detection of quantum noise in gravitational wave detectors, using instruments such 
as LIGO [?] and LISA [?]. By measuring the statistical properties of the noise in 
gravitational wave detectors, and comparing them with the predictions of the HQA 
model and quantum optics, we can search for signatures of quantum fluctuations 
and entanglement, and test the connection between the early universe and the 
present-day universe. 


4. Quantum simulation of the early universe, using a quantum computer that im- 
plements the local unitary gates of the HQA model. By preparing the quantum 
computer in a state that corresponds to the initial conditions of the universe, and 
then evolving it forward in time, we can study the emergent properties of the early 
universe and compare them with the predictions of the HQA model and cosmolog- 
ical observations. 


These tests offer a range of opportunities to probe the quantum information origin 
of the initial conditions and the arrow of time, using both cosmological observations and 
quantum simulations. They also highlight the deep connections between quantum gravity, 
quantum information, and cosmology, and the potential for new insights and discoveries 
at the intersection of these fields. 


7 Conclusion 


In this paper, we have explored the empirical consequences of the Holographic Quantum 
Automaton (HQA) model, a novel framework for quantum gravity that combines ideas 
from holography, quantum information, and quantum cellular automata. We have focused 
on five key areas where the HQA model makes testable predictions: (1) the discreteness 
of spacetime, (2) the holographic nature of gravity, (3) the emergent nature of quantum 
mechanics, (4) the unification of the fundamental forces, and (5) the quantum information 
origin of the initial conditions and the arrow of time. 

For each of these areas, we have reviewed the existing empirical constraints and pro- 
posed new experimental tests that can be performed with current or near-future tech- 
nology. These tests span a wide range of fields, from astrophysics and cosmology to 
particle physics and quantum information, and highlight the interdisciplinary nature of 
the empirical testing of quantum gravity. 

Our analysis shows that the HQA model offers a rich phenomenology that is ripe for 
empirical investigation. Some of the key predictions of the model, such as the discreteness 
of spacetime and the holographic nature of gravity, are already being tested by current 
experiments, such as the observation of high-energy cosmic rays and the measurement of 
black hole entropy. Other predictions, such as the emergent nature of quantum mechan- 
ics and the unification of the fundamental forces, require new experimental techniques 
and technologies, such as quantum simulation and precision measurements of coupling 
constants. 


At the same time, our analysis also highlights the challenges and opportunities of the 
empirical testing of quantum gravity. One of the main challenges is the vast separation 
of scales between the Planck scale, where quantum gravity effects are expected to be im- 
portant, and the energy scales that are accessible to current experiments. This challenge 
can be addressed by a combination of theoretical, computational, and experimental tech- 
niques, such as the development of effective field theories that bridge the gap between the 
Planck scale and the low-energy limit, the use of quantum simulation to study the emer- 
gent properties of quantum gravity, and the design of new experimental techniques that 
are sensitive to small deviations from the predictions of general relativity and quantum 
mechanics. 

Another challenge is the interpretation of the experimental results in the context of 
the HQA model and other theories of quantum gravity. Given the complexity and novelty 
of the phenomena involved, it is important to develop a robust framework for comparing 
the predictions of different models and assessing their empirical validity. This requires a 
close collaboration between theorists, experimentalists, and philosophers of science, and 
a careful consideration of the epistemological and ontological assumptions that underlie 
the different approaches to quantum gravity. 

Despite these challenges, we believe that the empirical testing of quantum gravity is a 
crucial step in the development of a complete theory of quantum gravity. By confronting 
the predictions of different models with experimental data, we can winnow down the 
space of possibilities and identify the key features that a successful theory must possess. 
Moreover, by exploring the empirical consequences of quantum gravity, we can gain new 
insights into the nature of space, time, and matter, and the fundamental laws that govern 
the universe at the deepest level. 

In conclusion, the HQA model offers a promising new approach to the problem of 
quantum gravity, which combines a solid theoretical foundation with a rich phenomenol- 
ogy that is amenable to empirical testing. By pursuing the experimental tests proposed 
in this paper, and developing new ones, we can make progress in the empirical testing 
of quantum gravity and the search for a theory of everything. This is an exciting and 
challenging endeavor that requires the collaboration of researchers from different fields 
and the development of new experimental and theoretical tools. But the rewards are 
great: a deeper understanding of the nature of reality, and a glimpse into the ultimate 
laws of physics that govern the universe at the Planck scale. 
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